Triboelectrification is one of the oldest physical problems and extensively exists in nature and people's daily life. It is usually considered as a negative effect in both scientific research and technological applications because it often results in production difficulties, quality issues, and expensive shutdowns.
1,2 However, by the combination of the electrostatic induction and the triboelectrification, a triboelectric nanogenerator (TENG) was recently invented, which could convert low-frequency mechanical energy into electric power, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and can be widely used in many applications, such as self-powered sensors, embedded/wearable electronic devices, blue energy harvesting, and so on. [16] [17] [18] [19] [20] [21] [22] To continuously enhance the TENG's output performance, research work is needed to figure out the mechanism of triboelectrification.
In the literature, different kinds of competing mechanisms have been developed, including electron transfer, ion transfer, and material transfer. [23] [24] [25] [26] [27] [28] [29] [30] Here, in this work, we investigated the influence of the gas atmosphere on the TENG's output. It was found that the gas atmosphere not only affected the device's output value but also the charge separation behavior. Specifically, polymers, such as PTFE, were positively charged after friction with the liquid metal in the air condition but negatively charged in the nitrogen condition. After X-ray photoelectron spectroscopy (XPS), energydispersive X-ray (EDX), and scanning Kelvin force microscopy (SKFM) analyses, a possible mechanism was proposed.
A liquid metal was used as the tribo-electrode and taken in a beaker. Polymers that fully covered an induction electrode serve as the movable friction materials, as schematically illustrated in Fig. 1(a) . In the below paragraph, we chose PTFE and mercury as examples for explanation.
Experiments were carried out in a glovebox. The operation principle of the LM-TENG can be explained as a combination effect of triboelectrification and electrostatic induction. The PTFE acquires charges by contact electrification with mercury, which will induce the corresponding amount of opposite charges on the induction electrode. As the PTFE immersing into the mercury, the tribo-charges on the surface are neutralized by the liquid metal, which will induce a potential in the liquid metal with respect to the induction electrode. Thus, electrons will be driven to flow between the liquid metal and the induction electrode, forming a current flow. When the PTFE is removed from the mercury, the potential reverses, leading to a reverse current flow [ Fig.  1(b) ]. By repeating the contacting and separating cycles, the LM-TENG outputs alternating voltage and current.
A digital oscilloscope and a Keithley 6514 electrometer were used to measure the open-circuit-voltage (V oc ) and shortcircuit-current (I sc ) of the LM-TENG with the grounding port connecting to the liquid metal. The polarity of tribo-charges on polymers was measured using a Simco Ion Electrostatic Field Meter (FMX-003). When the experiment was performed in the air condition, the V oc of the LM-TENG was 400 V and the I sc was 6 lA Fig. 2(a) illustrates that when the PTFE approached the liquid metal, the output was a positive pulse, which represented the electron flow from the liquid metal to the back electrode, indicating that the PTFE was negatively charged. However, when the experiments were performed in the N 2 condition, the V oc reached 300 V [ Published by AIP Publishing. 110, 201603-1 PTFE was positively charged by contact electrification with the mercury in pure nitrogen, which was contrary to the result in the air condition and the conventional triboelectric series. 23 More experiments were conducted to verify this phenomenon. A broad range of polymers, including polytetrafluoroethylene (PTFE), polyvinylchloride (PVC), Kapton, polyethylene terephthalate (PET), biaxially oriented polypropylene (BOPP), and polyamide (Nylon), were used as friction materials, and charged by contact electrification with mercury in different gases, such as nitrogen, argon, and air. Test results are listed in Table I . It is found that all of these polymers were negatively charged by mercury in air while positively charged in nitrogen and argon. In addition to mercury, another liquid metal, gallium-indium (GaIn), was also used, and all the polymers were also positively charged in nitrogen and argon. Since GaIn would be severely oxidized very quickly in air, results in air were not obtained. 31 Instead of the liquid metals, solid metals, i.e., copper and aluminum, were tested. It showed that all electronegative polymers, according to the triboelectric series, such as PTFE, PVC, Kapton, PET, and BOPP, were negatively charged by solid metals in all gas conditions, whereas the electropositive Nylon was positively charged.
Considering that water and oxygen were removed from the glovebox, we added them separately into the nitrogenfilled glovebox to figure out which component caused the tribo-charges' polarity reversal.
The oxygen free water was first prepared according to the literature 32 and then vaporized to adjust the water concentration in the nitrogen-filled glovebox from 0% RH to 30% RH. The output of the LM-TENG was monitored. The V oc of the LM-TENG performed in pure nitrogen is depicted in the left part of Fig. 3(a) by the red curve and that performed in the wet nitrogen is depicted in the right part by the blue curve. Both results showed a similar behavior, i.e., the negative output followed by the positive output, in each cycle of approaching and separating, confirming that the PTFE was positively charged by mercury even when the water concentration is high. Therefore, the existence of water did not reverse the tribo-charges' polarity. Subsequently, pure oxygen was pumped into the nitrogen-filled glovebox to adjust the oxygen concentration from 0 to 21%. It can be seen from Fig. 3(b) that the output of the device was I. The polarity of the surface charges on the polymers after contacting with metals in pure nitrogen, argon, and air, respectively. "\" represents the experiments failed because the GaIn was severely oxidized in air. apparently reversed. So, it is the oxygen that caused the tribo-charges' polarity reversal. We measured the transferred charge density and V oc of the LM-TENG at different oxygen concentrations to quantitatively analyze how the magnitude and polarity of tribo-charges on PTFE changed. As presented in Fig. 3(c) in red, the charge density decreased quickly from þ100 lC/m 2 to þ30 lC/m 2 as the oxygen concentration increased from 0 to 484 ppm (measured by the oxygen analyzer of the glovebox). When the oxygen concentration reached 680 ppm, the charge density turned out to be À40 lC/m 2 , indicating that the polarity of tribo-charges on the surface of PTFE was changed from positive to negative. As the oxygen concentration increased further, the charge density reached À160 lC/m 2 . Figure 3(d) shows the curve of the device's voltage output (red), which has a similar trend. Two other materials, PET and Kapton, were also studied and the data are plotted as blue and green lines in Figs. 3(c) and 3(d) . The tendency was similar, but the transition point was different, ranging from 680 ppm to 2 k ppm.
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X-ray photoelectron spectroscopy (XPS) was employed to analyze the PTFE's surface after contact electrification with . The bonding energy of Hg 2þ of the sample that contacted with mercury in air was 0.2 eV higher than that in the glovebox, which might be due to the formation of HgO. Peaks of C and F are shown in Fig. S1 (supplementary material) . EDX mapping was subsequently performed, and the Hg uniformly distributed on both samples' surfaces [Figs. 4(c) and 4(d)]. SKFM was then used to observe the relative surface potential patterns on the PTFE (4 lm) after contact electrification. It turned out that the sample contacting with mercury in N 2 was positively charged, whereas the one in air was negatively charged, which corresponds well to our above tests.
On the basis of the above experiments, we propose a possible mechanism. Unlike the solid metals, the liquid metal has high fluidity and it easily forms intimacy contact with the polymer surface. During a separation, a very thin layer of liquid metal cation or possibly atomic species could form on the polymer's surface after contact, and the previous studies show that there exist doubly charged mercury cluster ions (Hg n 2þ , n ¼ 1-10). 33 Therefore, it is the charged mercury cluster ions that make all the polymers positively charged In summary, we investigated the triboelectrification by changing the liquid-metal based triboelectric nanogenerator gas conditions. It is found that the gas condition can not only affect the device's output performance but also the charge separation behavior. Specifically, the dielectric material is negatively charged in the air condition by the liquid metal but positively charged in the nitrogen condition, after contact. A series of experiments was carried out, which indicated that the oxygen played an important role in the contact electrification. Finally, we proposed a possible mechanism to explain this phenomenon. In the future, more research needs to be done to understand the charge separation behavior on a microscale, which will essentially enhance the triboelectric nanogenerator's output performance. Our previous research uses the liquid metal as a contact material for quantifying the density of surface charges. 34 As a result of the current study, we need to be careful regarding the atmosphere in which the experiments were done in order to have a good comparison regarding the electrification characteristics of dielectric surfaces.
